We used one-and two-dimensional sparse white noise stimuli to map directional interactions within MT were remarkably precise over a very small spatial range, and reversed when successive stimuli reversed receptive fields. We will first describe the results of mapping directional interactions in one dimension (1D) using contrast--a neural correlate of "reverse phi" motion perception. The maps of some cells had an unexpairs of oriented bars presented at various positions along each neuron's axis of preferred motion. The twopected, curved shape, which challenges existing models for direction selectivity.
Introduction assumptions about their orientation or shape. Classical studies of the physiology of the visual system gave rise to the concept of "hierarchical elaboration of Results receptive fields"-that is, that neurons with more complicated types of receptive fields arise through the com-
One-Dimensional Interactions bination of inputs from neurons with simpler receptive
We recorded from 48 single units in area MT of two fields. If this idea is correct, these simpler inputs should macaque monkeys. For each unit, one-dimensional (1D) be discernible as substructure of the more complex redirectional interactions were mapped using a modificaceptive field, as proposed, for example, in Hubel 
top). Our modification of this technique (Hubel and Wiesel, 1962). While this is an attractively
is to correct for eye position at each stimulus presentasimple model, direct evidence for such substructure has tion, allowing us to correlate responses with stimulus been relatively rare, largely for technical reasons. Twoposition on the retina, rather than stimulus position on bar interaction experiments have revealed subunit orgathe screen (Livingstone, 1998). We will refer to interacnization in direction-selective retinal ganglion cells of tion plots generated using this kind of one-dimensional the rabbit (Barlow and Levick, 1965) and in complex stimulus range as "1D" maps to distinguish them from cells of cat striate cortex (Movshon et al., 1978) ; more maps generated using a two-dimensional stimulus range. direct evidence for the latter was shown using "white We used a one-dimensional sparse white noise stimulus noise" and reverse correlation (Emerson et al., 1987;  consisting of pairs of optimally oriented bars, one black, Szulborski and Palmer, 1990 ). Because these techone white, flashed at 75 Hz along a stimulus range paralniques require considerable time and very precise locallel to the cell's axis of preferred motion. Because each ization of visual stimuli on the retina, they have heretostimulus presentation contains a black and a white bar, fore been used only in anesthetized preparations and each sequence of two stimulus frames generates four at very early stages of the visual system. Here, we use possible pairwise combinations: white to white, black a modification of sparse white noise mapping that reto black, black to white, and white to black. The fifth panels show the same-contrast conditions (white-to-white and black-to-black) minus the inverted-contrast conditions (black-to-white and white-to-black). The last panels show the average of the fifth panels collapsed along the green diagonal. Color scale for first four columns represents firing rate; color scale for difference maps ranges from maximal facilitatory interaction (ϩ1) to maximal suppressive interaction (Ϫ1). The magnitude of the facilitation in the first (white to white) map for the top cell corresponds to an average peak firing rate that is 62% larger than the response to the two stimuli presented independently; the magnitude of the suppression is 12%. For the bottom cell, the facilitation in the first panel is 63% larger than the response to the two stimuli presented independently, and the suppression is 37%.
and the position of the immediately preceding stimulus The two cells illustrated in Figure 1 had receptive fields that were centered at 30Њ (upper cell) and 19Њ (lower cell) is mapped along the y axis. On both axes the preferred direction of motion is from negative toward positive (i.e., from the fovea, and were thus considerably larger in diameter than the 8Њ stimulus range. For the two sameright on the x axis and up on the y axis), with 0 corresponding to the center of the stimulus range. Thus, neucontrast sequences (white to white and black to black) the two-bar interactions show narrow regions, lying beral activity, as indicated by the color code, is mapped as a function of paired-stimulus position, not visual low/right of the same-position diagonal, that indicate higher responsiveness than over the rest of the two-bar space. The ϩ45Њ diagonal green line indicates occasions when the reference stimulus and the immediately preinteraction space. This region corresponds to occasions when the two sequential bars were presented a small ceding stimulus appeared at exactly the same retinal location. Positions below/right of the green diagonal distance apart and in the preferred direction. This means that pairs of bars less than a degree apart presented in represent occasions when the stimulus sequence was in the preferred direction, and positions above/left indicate the preferred direction give larger responses than two bars presented in the opposite direction or farther apart. sequences in the opposite, or "null," direction.
We will refer to this type of interaction as "facilitation," row of Figure 2 for five other representative MT cells without any implications as to the site of interaction or whose receptive fields were located at various eccenunderlying synaptic mechanisms.
tricities. All of the cells mapped showed similar characThe fact that the region of enhanced responsiveness teristics: positive preferred-direction interactions and is elongated diagonally indicates that the directional negative null-direction interactions that were relatively interactions are uniform across the entire stimulus homogeneous across the entire stimulus range, were range; the narrowness of this band indicates that the quite local, and were very precise spatially. These interinteractions are quite local. Less obviously, there is also actions were so precise that, on average, stimulus sediminished activity to the left of the green diagonal, quences only one pixel (0.065Њ) in the preferred direction indicating that responses to local stimulus sequences gave responses twice the size of responses to sein the null direction are smaller than if the two stimuli quences one pixel in the null direction. were presented farther apart or in the preferred direcTo quantify the precision of the directional interaction. We will refer to this type of interaction as "supprestions, we took averages across the stimulus range for sion," again, without any implications as to the site of all 48 cells in our sample, as shown in the rightmost interaction or underlying synaptic mechanisms. Congraphs of Figure 1 . The scatter plot in Figure 3 shows versely, the inverting-contrast stimulus sequences (black the interstimulus distance giving the maximum positive to white and white to black) show facilitation in the null preferred-direction interaction (x's) and the interstimudirection and suppression in the preferred direction. This lus distance giving the most negative null-direction interreversal of the directional response with contrast-invertaction (filled circles) as a function of receptive-field ing stimuli has a perceptual correlate in humans: reeccentricity. For comparison the average V1 receptiveversed motion (reverse phi) is seen for sequential confield diameter is shown as a solid line (Van Essen et al., trast-inverting stimuli (Anstis and Rogers, 1975).
1984). By inspection, the optimal distance for directionThe first four maps for each cell in Figure 1 show selective interactions is smaller than the average V1 responses to each possible two-stimulus combination.
receptive-field size, consistent with the idea that direcWe can generate a single map that reflects only the tion selectivity is generated within subunits of complextwo-stimulus interactions by subtracting the invertingcell receptive fields. contrast maps from the same-contrast maps to get a Both the interstimulus distance giving the most posidifference map ("same minus inverted" column in Figure  tive preferred-direction interaction and the interstimulus 1). Subtracting the inverting-contrast maps from the distance giving most negative null-direction interaction same-contrast maps gives us a map of only the direcare small compared to the average V1 receptive-field tional interactions, i.e., only that part of the response diameter, and the latter interstimulus distances are, on that depends on the relative position of sequential average, smaller than the former. The interstimulus disbars, because all the independent (non-interacting) retance giving the most positive preferred-direction intersponses to each stimulus cancel out (see Experimenaction is on average larger than the distance giving most tal Procedures). This calculation is equivalent to the negative null-direction interaction (one-tailed, paired t test, method of Emerson et al. (1987) reverse with inverting-contrast stimuli (Braddick, 1974 ). Even at these large eccentricities of 30Њ and 19Њ, the It seems logical to suppose that short-range motion interactions show directionality at the smallest interstimperception represents V1 direction selectivity and that ulus distance we generated, one pixel (0.0625Њ), in either long-range motion might be generated in extrastriate direction.
areas, like MT, with their larger, integrating receptive 1D difference maps for interactions between successive stimuli presented every 13 ms are shown in the top fields. We looked for longer-range, longer-lasting direc- For the first cell, the magnitude of the same-contrast facilitation was 32% larger than the response to the two stimuli presented independently; for the second cell the same-contrast facilitation was 45% larger than the response to the two stimuli presented independently; for the third cell it was 31% larger; for the fourth cell it was 42% larger; for the fifth cell it was 77% larger.
tional interactions using both short (13 ms) and long (up there is no evidence of directionality. And there was no evidence for directional interactions in any of the to 150 ms) interstimulus intervals, but we failed to see long-range or contrast-independent interactions in any individual same-or different-contrast maps at 107 ms intervals. of the cells we studied. In the second and third rows of Figure 2 we show examples, from the same five cells, of
The first four columns of rows two and three of Figure 2 show interactions when intervening stimuli were present our attempts to look for longer-lasting and/or contrastindependent directional interactions. The second row of (i.e., the same spike trains were used as for generating the upper maps), and the last column was derived from Figure 2 shows difference interactions between stimuli eight frames (107 ms) apart to look for longer-lasting, a stimulus sequence when stimuli were presented only every eighth frame (with background/blank intervening contrast-inverting interactions. These difference maps do not show any directionality. However, because the frames). In these, as well as in other cells in which we used both kinds of stimulus sequences, we saw no evidifference maps sum same-contrast sequences and subtract different-contrast sequences, any interaction dence for contrast-dependent or contrast-independent directional interactions at intervals between 100 and that did not reverse with inverting-contrast sequences would cancel out in these difference maps. Because 150 ms. Long-lasting directional interactions should be manifest as some kind of difference across the samepsychophysical experiments suggest that long-range motion perception does not reverse with inverting-conposition diagonal, as in the short-duration interactions in the top row, or some heterogeneity in the maps fatrast stimuli (Braddick, 1974) , we therefore also looked for long-lasting interactions that did not reverse with voring one side of the same-position diagonal. The vertical striping in some of the maps reflects inhomogeneiinverting-contrast stimuli by summing same-and different-contrast sequences at 107 ms intervals. The third ties in the receptive field, and not directional interactions. That is, there is relatively higher firing whenever a stimurow in Figure 2 shows summation interactions between stimuli eight frames (107 ms) apart to look for interaclus appears in one part of the receptive field, compared to the rest. Because the receptive field is bigger than tions that did not reverse with inverting contrast. Again, For all of the cells mapped, the interactions were local in two dimensions, and were consistent with the cell's preferred direction of motion (indicated by arrows in fifth panels). For example, the first cell illustrated in Figure  4 preferred rightward motion, and the 2D interaction maps show facilitation of a reference stimulus response whenever an immediately preceding same-contrast stimulus was anywhere within a small, slightly elongated Color scale ranges from maximal facilitatory interaction (ϩ1) to maximal suppressive interaction (Ϫ1) and is consistent within each cell. For the first cell, the magnitude of the same-contrast facilitation was 85% larger than the response to the two stimuli presented independently; for the second cell the same-contrast facilitation was 49% larger than the response to the two stimuli presented independently; for the third cell it was 58% larger; for the fourth cell it was 41% larger; for the fifth cell it was 57% larger. For the first four maps for each cell (the individual paired-contrast maps) a baseline first order map was subtracted (see Experimental Procedures). to explore possible explanations for them, we measured latter explanation to make positive interactions larger than negative, there would also have to be a difference various parameters in the 2D difference maps, as diagramed in Figure 5 (first panel). For each 2D difference between same-contrast interactions and different.
To clarify this issue, we asked, for the 28 cells for map we drew contours at ϩ20% and Ϫ20% of the peak positive interaction or peak negative interaction (whichwhich we had 2D interaction maps, whether the crescent angle correlated with the relative lengths of the positive ever was larger in magnitude) and at zero. shows that the amplitude index is weakly correlated with the crescent angle (linear regression, r 2 ϭ 0.13, p Ͻ 0.053 It would seem that a crescent-shaped positive-interaction region, or a curved boundary between preferred-F test). The fact that the crescent angle is correlated with the direction and null-direction interactions, implies an asymmetry either between positive and negative interlength index but not the width index suggests that there is something special and independent about the relative actions or between preferred-direction and null-direction interactions. If the difference is between preferredlengths of the preferred-direction and null-directioninteraction regions. We cannot rule out the possibility direction and null-direction interactions, it could imply either that the preferred-direction-interaction region that the longer positive interactions are simply due to their having a larger magnitude than the negative interwas actually crescent shaped (i.e., more broadly tuned than the null-direction-interaction region) or that it was actions, though if the positive-interaction regions were relatively longer than the negative simply because they simply longer. On the other hand, the difference could be between positive and negative interactions, arising were larger in magnitude, we would expect the widths to also be larger. The last panel of Figure 5 shows that from the fact that facilitation might be larger in magnitude than inhibition because of rectification, but for this the length index tends to be larger than 0, but the width 
. Figure 7 shows the 2D interaction difference maps at various interstimulus intervals for five mean length index is 0.1011, which is significantly different from zero (one-tailed t test p Ͻ 0.0017), but the width representative MT cells (each row represents one cell). For each cell, the first column shows a polar plot of the index is 0.012, which is not significantly different from zero (two-tailed t test, p Ͻ 0.6394). That is, the preferred-
direction preference determined using a field of moving dots. By inspection, this direction preference is most direction positive-interaction regions are on average longer than the null-direction negative-interaction restrongly reflected in the spatial arrangement of positive and negative interactions at the smallest interstimulus gions, but not wider. This observed difference in length of the two regions could explain the crescent shape; interval tested (13 ms). The eccentricity of each cell is indicated in the upper left of each row. Direction tuning was generated using small fields of moving white dots. Interaction maps were generated as described for Figure 4 . The maps represent same-contrast stimulus sequences minus invertedcontrast stimulus sequences. All five maps for each cell were derived from the same spike data, but using different interstimulus intervals. The 0 ms maps were derived from interactions between white and black stimuli presented simultaneously (there were no same-contrast conditions at 0 ms). Color scale ranges from maximal facilitatory interaction (ϩ1) to maximal suppressive interaction (Ϫ1) and is consistent within each cell. For the first cell, for the 13 ms sequential interaction, the magnitude of the same-contrast facilitation was 42% larger than the response to the two stimuli presented independently; for the second cell the same-contrast facilitation was 11% larger than the response to the two stimuli presented independently; for the third cell it was 52% larger; for the fourth cell it was 53% larger; for the fifth cell it was 58% larger.
parallel to the axis of preferred motion, and that these antecedent input cell, as has been assumed in some previous studies of second-order interactions ( (Poggio and Reichardt, 1976) . erated between complex cells should not invert. The fact that direction selectivity inverts for inverting-contrast Linear mechanisms alone can generate direction selectivity only for the amplitude of response modulation in stimuli implies that it is largely generated within or between simple cells, geniculate inputs, or within dendritic response to a moving grating stimulus, but cannot affect the total number of spikes. Linear mechanisms can give compartments that behave like simple cells. This reversal of the directional response with contrast-inverting a direction-selective response to bars or spots if they are followed by a nonlinearity like a threshold operation stimuli has a perceptual correlate in humans: reversed motion is seen in apparent motion demonstrations in or an expansive non-linearity like squaring. Our method cannot distinguish between a linear mechanism followed which the sequential stimuli are of opposite contrast ( cent shaped, then the curvature must reflect some kind of convergence of directional inputs. Figure 8A is a diacells, they would also be expected to be about the scale V1 receptive fields. The fact that MT directional interacgram of the idea that excitatory inputs to a directional cell might be more broadly tuned for direction than its tions are smaller than V1 receptive fields suggests that they arise from interactions between subregions of V1 inhibitory inputs. This is a modification of the idea that directional cells are interconnected, with opposite direcreceptive fields, or that they arise from interactions between V1 cells with smaller-than-average receptive tion preferences inhibiting each other, and cells with the same preference exciting each other (Adelson and fields.
The exquisite precision of the directional interactions, Bergen, 1985; Qian et al., 1994; Simoncelli and Heeger, 1998). The biggest problem with this explanation is that and the fact that these interactions change in relative magnitude and spatial organization over time, with supsuch interactions would have to occur at an early enough stage that the interactions would still be extremely local. pressive interactions outlasting facilitatory interactions, constrain models of direction selectivity. The time-depenIf we entertain the idea that the crescent shape arises from the positive interactions being more elongated than dent shifts between preferred-direction positive interactions and null-direction negative interactions perhaps exthe negative ones (Figure 8, top right) , we need to spell out what the positive and negative interactions repreplain why there has been variability in attributing directionality to facilitatory or inhibitory mechanisms (Ferster, sent. One might think that an asymmetry in magnitude between facilitation and suppression could arise trivially 1994).
Reversed directionality to inverting-contrast stimuli from rectification: if excitatory inputs summate linearly, but inhibitory inputs do not (because a cell cannot exindicates that the initial stages of generating motion selectivity must occur in or between cells that themhibit a negative firing rate), then facilitation could become more powerful than suppression. However, the selves have inverted responses to opposite-contrast stimuli ( Another possible explanation for the crescent shape is that direction selectivity arises before orientation selectivity ( Figure 8B ) (if we consider orientation selectivity to be equivalent to receptive-field elongation). If directional interactions occur between orientation-selective simple cells, we would expect the interactions to form parallel bands, not crescents. The crescent shape could represent a combination of nondirectional orientational facilitation (that would not be displaced from alignment with 0,0), plus a more localized directional interaction. The inflection at 0,0 implies that the directional interactions are more local than the interactions that are elongated along the preferred orientation. Another possible explanation for the crescent shape is that direction selectivity arises before orientation selectivity (Figure 8b ) (if we consider orientation selectivity to be equivalent to receptive-field elongation). If directional interactions occur between orientation-selective simple cells, we would expect the interactions to form elongated, parallel bands of facilitation and suppression, not crescents. The crescent shape could represent a combination of nondirectional, orientationed facilitation (along the orientation axis) plus a more localized directional interaction (along the direction axis). The inflection at 0,0 implies that the directional interactions are more local than the interactions that are elongated along the preferred orientation, which would be consistent with direction selectivity arising before orientation selectivity. Figure 8C shows a third possible mechanism to ex- inputs, and suppressed by preceding more proximal inputs. In a cell with a branching asymmetric dendritic field that samples a retinotopic input field (Livingstone bar in an OFF region is usually at least as good a stimulus et al., 2000), this would result in preferred-direction interas two light bars in the ON region (Hubel and Wiesel, actions that are longer (in the dimension perpendicular 1962). So we would expect opposite-contrast excitation to the direction preference) than the null-direction interto be as strong as same-contrast excitation, but it apparactions. ently is not. There is a weak tendency in Figure 5 for Which, if any, of these models is correct should clearly the crescent angle to be correlated with the amplitude also be addressed at the level of V1 receptive fields, index, so some kind of asymmetry between preferredand it will be interesting to see how V1 interactions direction and null-direction interactions could explain compare with those in MT. our results, though a difference in amplitude should result in a difference in width index as well as length index, which we do not see. It is nevertheless still possible that Time Course We did not look at speed tuning in these cells, and some difference in the magnitudes of the preferreddirection and the null-direction interactions might extherefore did not try to compare the time course of directional interactions with speed tuning. But we infer plain our results, but the explanation cannot be as simple in the interaction map. However, this average is affected both by variations in sensitivity across the receptive field and by the fact Experimental Procedures that we did not sample directional interactions perfectly uniformly. It is impossible to sample stimulus interaction space uniformly and We recorded from 48 single units in MT of two alert rhesus macaque still be able to examine various intervals from the same spike train. monkeys while they performed a simple fixation task. The monkeys Using a fixed stimulus range results in edge effects at the border were rewarded for maintaining fixation within 2Њ of a small fixaof the stimulus range: for example, a reference stimulus anywhere tion spot.
within the leftmost column of the stimulus range cannot be preceded For each unit studied, we first determined the cell's preferred by a stimulus further to the left. The magnitude of these contributions direction of motion using fields of dots or moving bars. We then can be determined by reverse correlating the spike train with pairs presented the two-bar (1D) stimulus centered on the cell's receptive of stimuli separated by long temporal intervals. (We used 250 ms field, while the monkey fixated a small spot in the center of the because our 1D mapping experiments had shown that there were monitor. The 1D mapping stimulus consisted of pairs of narrow bars, no interactions between stimuli separated by such a long interval. one white, one black on an intermediate gray background. At each Selecting this early, "meaningless" stimulus as the probe stimulus monitor refresh (every 13 ms) one black and one white bar were for the map has the effect of randomizing the positions of the stimuli presented at random positions along a one-dimensional stimulus immediately preceding the reference stimulus.) For large numbers of range parallel to the preferred motion axis. The orientation of the stimulus presentations, this is equivalent to convolving the stimulus bars was perpendicular to the cell's preferred axis of motion. The probability distribution with the receptive field sensitivity profile. The 2D mapping stimulus consisted of pairs of small squares (one black resulting map averages over motion direction while preserving the one white on a gray background) presented at random positions mean spatial distribution of spikes. Because this value depends only on the sensitivity of the cell and the number of stimulus presen-(fully random, not in a grid) at 75 Hz within a square stimulus range. 
